P
hotooxidative damage due to free radicals and singlet oxygen can occur in the retina and retinal pigment epithelium (RPE) when light interacts with photosensitizers in the presence of oxygen. [1] [2] [3] [4] Understanding the factors affecting photooxidative damage has become an area of substantial research interest because of the potential role of oxidative damage in the etiology of age-related macular degeneration (AMD). [5] [6] [7] One focus of attention has been the potential for dietary antioxidants, including the retinal xanthophylls lutein and zeaxanthin, to reduce the risk of AMD. 8, 9 Support for this idea has been provided by the Age-Related Eye Disease Study (AREDS), 10 which showed that dietary supplements containing the antioxidants vitamin C, vitamin E, and ␤-carotene in combination with zinc reduced the rate of progression to advanced AMD. The AREDS study also found evidence that lutein and zeaxanthin may retard progression of AMD, 11 and these nutrients have been included in the follow-up clinical trial, AREDS2.
Lutein (L) and zeaxanthin (Z) are present throughout the retina, 12 but are found in especially high concentrations in the fiber layers of the fovea, 13 where they form the macular pigment. In addition to absorbing blue light, these compounds are effective antioxidants and may protect against photooxidative insult. 14 -16 Oxidative stress can damage the retina by several mechanisms, including the generation of oxidation products of retinal fatty acids that can trigger an inflammatory response promoting the initiation and progression of AMD. 7 Studies have shown that macular pigment optical density (MPOD) is dependent on dietary intake [17] [18] [19] [20] and varies markedly among individuals, 18 ,21 even monozygotic twins. 22 MPOD is reduced in obese persons, 23 smokers, 24, 25 and other persons at risk of AMD. 26, 27 The low values of MPOD in some individuals may combine with the age-related decline in the retina and RPE of other natural biochemical defenses, such as catalase activity, that decrease resistance to oxidative stress, which is considered a risk factor for AMD. 15, 16, 28, 29 AMD risk may be further increased by exposure to blue (short-wavelength) light, although the results of epidemiologic studies are conflicting. The study of most relevance in our present work 30 reported that estimated lifetime blue-light exposure increases the risk of neovascular AMD, specifically in individuals with low plasma levels of antioxidants, including zeaxanthin. Experimental tests of the relationship of L and Z to light-induced damage and macular disease have been few, due to a lack of appropriate animal models. Only higher primates have a macula lutea, with its high foveal concentration of macular pigment. However, some cone-dominated bird retinas selectively concentrate L and Z as oil droplets in cone inner segments. In a quail model of acute white-light-induced damage, dietary Z supplementation correlated with reduced apoptotic photoreceptor death. 31 There is inconsistent evidence from human studies that the potential protective actions of macular pigment translate into lower risk of AMD, but some of the largest epidemiologic studies found a reduced prevalence or risk of progression to advanced AMD in individuals with higher intakes or higher plasma levels of xanthophylls. 8, 11 Furthermore, a randomized trial of supplementation with an L/Z mixture in patients with atrophic AMD found increased MPOD and improvements in visual function, particularly in patients with low baseline MPOD. 32 In this study, we used a nonhuman primate model to examine the effects of the macular pigment xanthophylls on vulnerability to blue-light exposure. Blue light is transmitted to the retinal surface, is absorbed by photosensitizing chromophores, [1] [2] [3] [4] 14 and causes both acute and chronic photooxidation in the retina and RPE. 1, [33] [34] [35] Macular pigment can reduce these potentially pathologic effects in two ways. First, its diffuse presence in photoreceptor outer segments, 13, 36, 37 coupled with its ability to quench reactive oxygen species, 4, 9, 16 provides a mechanism for protection against oxidative damage to photoreceptors. 38 Second, the spectral absorption of the macular pigment ( max ϭ 460 nm) and its high density within Henle's fiber layer make it an ideal prereceptoral absorber of blue light 2, 14 in the wavelength range (400 -550 nm) that is known to produce severe damage to photoreceptors and the RPE. 1, 33, 34, 39 The selective absorption of these damaging wavelengths is thought to be the basis of macular sparing during excessive exposure to surgical and ophthalmic light sources. 40, 41 It is also implicated in the macular sparing seen in some degenerative retinopathies. 42 A second factor that we examined in this study is the effect of n-3 fatty acids, which are also known to modulate susceptibility to light-induced damage. 43, 44 The n-3 fatty acid, docosahexaenoic acid (DHA, 22:6n-3) has six double bonds that are vulnerable to oxidative damage, and DHA is present at exceptionally high levels in the retina, particularly in photoreceptor outer segment membranes. 45 However, DHA serves as the precursor for a series of neuroprotective factors including neuroprotectin D1, which is synthesized by RPE cells in response to oxidative stress and reduces the resulting apoptotic cell death. 46 In addition, DHA counters inflammation by blocking conversion of the n-6 fatty acid, arachidonic acid, to inflammatory eicosanoids and by activating anti-inflammatory nuclear hormone receptors (reviewed in Ref. 47) . Consistent with these biological properties, people with lower intakes of DHA or its precursor, eicosapentaenoic acid (EPA, 20:5n-3), or of fish (their principal dietary source) have been reported in several studies to have higher risk of advanced AMD. 48 -50 We showed in the present study that low DHA levels increase the sensitivity to light-induced damage in the parafovea, but not in the fovea.
This study was part of a larger project that examined the effects of L or Z supplementation in xanthophyll-free rhesus monkeys reared with adequate or low dietary intakes of n-3 fatty acids. [51] [52] [53] [54] Earlier papers from this project demonstrated that L or Z supplementation, at 3.9 micromoles/kg/d (2.2 mg/kg/d) resulted in serum levels of total xanthophylls several times those in control animals fed a stock laboratory diet. During supplementation, MPOD showed a progressive increase over the 22 to 28 weeks that preceded the final blue-light exposures. 51 The present study tested the photoprotective effects of L and Z in vivo by measuring the ophthalmoscopically observable effects of acute blue-light exposure before and after supplementation, and comparing the results to data from control animals with typical levels of L and Z in the diet and in the retina. 
MATERIALS AND METHODS

Xanthophyll-Free Animals
The experimental subjects included eight rhesus monkeys (Macaca mulatta), 9 to 16 years of age, reared on one of two semipurified diets. The two diets differed only in their fatty acid composition, with one diet having very low amounts (0.3% of total fatty acids) of ␣-linolenic acid (18:3n-3), the primary dietary n-3 fatty acid, and the other providing adequate levels (8% of total fatty acids). Both diets provided adequate levels of all essential nutrients, including vitamin A and ␣-tocopherol, but contained no detectable carotenoids-in particular, no L or Z. As described in detail in another paper, 55 these diets were fed to the mothers of the subjects throughout pregnancy and to the subjects from the day of birth until the end of the study. The low n-3 fatty acid diet was shown to reduce retinal levels of DHA by 80% compared with the adequate diet or a standard stock diet. Table 1 lists the characteristics of the subjects, including their diet group, sex, age, and weight. All animals also received small amounts of low-carotenoid or carotenoid-free foods, such as cereals, fruits (e.g., pineapple and banana) and sweetened gelatin. The subjects were fed three times per day, had fresh water continuously available, and were maintained on a 12:12-hour light-dark cycle with an ambient light level of 50 to 90 lux produced by full-spectrum fluorescent lamps (F32-T8-TL850; Philips, Eindhoven, The Netherlands). Because they had never received dietary xanthophylls, these animals had no detectable serum xanthophylls and no detectable macular pigment 51, 53 and are referred to as xanthophyllfree throughout this paper.
Supplementation of Xanthophyll-Free Animals with Xanthophylls
After an initial series of blue-light exposures (described later), four of the xanthophyll-free animals were supplemented with 3.9 micromoles/kg/d (2.2 mg/kg/d) of pure L (n ϭ 4), and four were supplemented with pure Z (n ϭ 4). The two supplemented groups were matched as far as possible with regard to their n-3 fatty acid status, sex, age, and body weight. L for this study was purified by HPLC in a noncommercial process, and Z (Optisharp) was synthesized by DSM Nutritional Products, Ltd. (Kaiseraugst, Switzerland; formerly Roche Vitamins, Ltd.). Each xanthophyll was formulated into gelatin beadlets (Actilease; DSM Nutritional Products., Ltd.). Reversed-phase HPLC analysis confirmed that the beadlets contained 4% to 9% of the purified xanthophylls and that the L beadlets contained only all-trans-L and no detectable Z. 51 In the Z beadlets, approximately 90% of the Z was in the all-trans form and 10% was present as cis-Z, with no detectable L. The limit of detection for both xanthophylls was 0.2 picomoles. The cis-Z isomer was tentatively identified as 13-cis-Z by comparing absorption spectra and HPLC retention time with a known standard. Daily doses of beadlets were measured for each animal based on body weight and were inserted into food treats, such as marshmallows or small pieces of fruit that were fed just before the animals' midday meal of semipurified diet. Beadlets and individual supplement doses were stored in the dark at 4°C. The efficacy of supplementation was assessed by measuring serum levels of xanthophylls and MPOD, as described previously. 51 After 4 weeks of supplementation, serum levels of total xanthophylls in both supplement groups rose to levels 10 to 20 times higher than those in animals fed stock diets. 51 MPOD, measured over the central 1 mm by in vivo two-wavelength reflectometry, rose gradually over the first 24 weeks, and at 24 weeks ranged from 0.030 to 0.079 OD ⅐ mm (integrated OD at 460 nm ⅐ mm, with the baseline subtracted), which corresponded to MPOD peak values of approximately 0.1 to 0.2. (Please note that the integrated values listed in this article are much lower than those that have been published, 51 because a scaling factor of 0.02 was inadvertently omitted from the integrated values in the earlier paper. The authors apologize for this oversight.) The concentration of xanthophylls in the central retina (a 4-mm disc centered on the fovea) was determined by HPLC at the end of the study after 24 to 103 weeks of supplementation 53 and reached concentrations as high as or higher than those in control animals.
Control Animals
The xanthophyll-free animals were compared to a control group of four normal age-matched rhesus monkeys that were fed a stock laboratory diet (5047 High Protein Monkey Chow; Ralston Purina, Richmond, IN) plus fruits and vegetables (primarily apples and carrots) and that were housed under the same general conditions as the experimental groups. The stock diet contained 7 to 10 nanomoles/g (4 -6 g/g) of L and 7 to 9 nanomoles/g (4 -5 g/g) of all-trans-Z, providing an estimated daily intake per kg of 0.26 micromoles (150 g) of L and 0.24 micromoles (135 g) of Z. As described previously, 51 the control animals had measurable macular pigment with a mean integrated optical density of 0.095, corresponding to a peak optical density of 0.2 to 0.3 at 460 nm, as estimated by reflectometry.
Blue-Light Exposure
The foveal and parafoveal regions of one retina of each animal was exposed to small spots of coherent blue light according to the general approach described by Ham et al. 1 in 1984. Xanthophyll-free animals underwent blue-light exposures in the right eye; the left eye was reserved for quantitative morphologic analysis, the results of which have been reported elsewhere. 52, 54 One hemiretina received exposures before supplementation and the opposite hemiretina after supplementation. Location was counterbalanced by delivering the initial exposures to the nasal location for one half of the animals and the temporal location for the other half. Control animals received one or two sets of exposures in each eye at the same time. Since control animals were also used in initial experiments to establish the range of exposure energies needed to bracket damage thresholds, some of them had a wider range of exposures than did the xanthophyll-free animals.
The animals were prepared for blue-light exposure by initial sedation with ketamine (10 -15 mg/kg IM) and dilation of the pupils with 2 drops each of 1% tropicamide and 2.5% phenylephrine. The animals were intubated and anesthetized with isoflurane vaporized in 100% oxygen and placed prone on an adjustable table. The head was positioned vertically, facing the laser system, with the jaw resting on an adjustable pad. A thoroughly cleaned and polished gas-permeable rigid contact lens was placed on the cornea with only its back surface wetted with contact lens solution. The contact lens prevented corneal desiccation and provided stable clear optics throughout the laser exposures. Fundus imaging and delivery of the laser beam was accomplished by use of a slit lamp biomicroscope and a colorless ϩ90-D condensing lens (Volk, Mentor, OH) mounted in front of the eye by a lens holder (Steady Mount; Volk).
Blue-light exposures were made with an argon laser (MF-2000; MIRA, Boston, MA) adjusted to deliver only the 476.5-nm line. The delivery beam was set for a nominal 150-m spot size and was operated at a very low total power level of 2-7 mW. The system was allowed to stabilize before each exposure session, and output power was monitored during exposures by intrabeam radiometric measurement (IL-1700 Radiometer; International Light, Boston, MA) to ensure that the power did not change during the exposure. The exact power used for the exposure (which varied between 2 and 7 mW) was recorded and multiplied by the duration of that exposure (5-120 seconds) to obtain the total energy of the exposure. The range of exposure energies was chosen based on preliminary studies. Each test Values in parentheses indicate number of weeks of daily supplementation, followed by number of weeks of supplementation 4 days/week. These differences in schedules of supplementation were due to limitations in supply of purified Z. 53 MPOD levels were stable after 8 weeks. 51 ‡ Please note that the integrated values listed in this paper are much lower than those previously published 51 because a scaling factor of 0.02 was inadvertently omitted from the integrated values in the earlier paper.
series was composed of four or five exposures of increasing duration designed to deliver energies (J) above and below the threshold for producing visible photochemical lesions. For reference, delivery of 0.025 J (at the low-to-middle portion of the exposure range) to a 150-m-diameter area is equivalent to an exposure of ϳ140 J/cm 2 . The position of the exposure beam on the retina was visually monitored continuously during each exposure. If any movement occurred during the exposure, that exposure was immediately terminated and data from that location were excluded from the analyses. Exposure of each retina proceeded in an arc pattern, with one test series in the fovea and a second in the parafovea (Fig. 1) . Foveal exposures were made at approximately 0.5 mm (ϳ2°) from the center of the fovea, just inside the foveal rim where the foveal depression slopes toward the foveola. At this eccentricity, the typical spatial distribution of xanthophyll as determined by photographic densitometry is asymptotic and changes little with eccentricity. 51 This eccentricity was chosen so that small errors in placement would not confound the results. Parafoveal exposures were applied at approximately 1.5 mm (ϳ6°) from the foveal center, with careful reference to vascular landmarks in previously obtained fundus photographs. The location of each foveal and parafoveal exposure was drawn on an 8 ϫ 10-in. black-and-white enlargement of a photograph of the posterior pole of each experimental animal. The magnification of the fundus photographs was calibrated in another monkey by comparing retinal landmarks in fundus photographs taken in vivo with the same landmarks visible in a histologic whole mount of the same retina prepared after death. 56 In no case were any retinal lesions visible immediately after the exposures were made. At 24 to 48 hours after exposure, abovethreshold laser lesions were seen as whitish spots of various diameters ranging from 100 to 1500 m, and they remained stable thereafter. Color fundus photographs were obtained with a fundus camera (Carl Zeiss Meditec, Inc., Dublin, CA) on 35-mm slide film (Ektachrome 100 ASA; Eastman Kodak, Rochester, NY) (Fig. 1) . The slide transparencies taken at 48 hours after exposure were read with a magnifier with a reticle, to determine the diameter in millimeters of any visible lesions. The experimenter performing the measurements was unaware of the treatment group to which each animal was assigned. If the lesions were slightly elliptical instead of circular, the major and minor axes of the ellipse were measured separately and averaged to calculate an equivalent diameter for the most similar circle. The area of the lesion was calculated, assuming a circle with this equivalent diameter. This procedure slightly overestimates the true area, but even for an ellipse with a major axis as much as twice the minor axis, the error is only 11%.
Statistical Analysis
The relationship between the area of the blue-light lesions and exposure energy was analyzed by means of a linear analysis of covariance (ANCOVA) model with generalized estimating equations (GEEs). 57 The GEE is an extension of generalized linear models that can evaluate independent and correlated data at the same time, and thus allows analysis of the data of all animals simultaneously in a global and comprehensive approach. In contrast to repeated-measures ANOVA, GEE can deal with unequal group sizes and missing data and therefore optimizes the amount of data that can be used for the evaluation. The independent (between-subjects) factors in the analysis were long-term xanthophyll status (xanthophyll-free or stock diet control), the type of xanthophyll supplementation (L or Z), and n-3 fatty acid diet group (low or adequate). The correlated (within-subjects) factors were those involving data collected within the same monkey, including measures obtained before and after supplementation, exposure location (fovea and parafovea), and different levels of exposure energy. The GEE method was used to calculate P-values for comparisons of interest, and differences were considered significant at P Ͻ 0.05. All analyses were performed using the GenMod Procedure in SAS (ver. 9.1.3 for Windows; SAS Institute Inc., Cary, NC).
RESULTS
The retinas of 12 monkeys were exposed to a total of 399 separate blue-light exposures. Four animals were normal controls; eight monkeys were xanthophyll-free at the time of the first set of exposures and received a second set of exposures after 22 or 28 weeks of L or Z supplementation. In 84 cases, eye movements or other energy delivery factors caused the exposures to be unreliable, and these were excluded from the data set. The remaining 315 exposures that resulted from stable energy delivery were divided into two groups: (1) 82 subthreshold exposures, in which no change was seen in the ophthalmoscopic appearance of the fundus at the site of energy delivery 48 hours after exposure, and (2) 233 suprathreshold exposures, in which higher exposure energy produced increasing areas of whitening centered at the point of exposure (Fig. 1) . Only the suprathreshold exposures were used for the analyses.
Evaluation of the Relationship between Lesion Area and Exposure Energy
Initial ANCOVA models included comparisons of the L-and Z-supplemented groups, but found no significant differences (P ϭ 0.33 for foveal exposures and P ϭ 0.80 for parafoveal exposures). The two supplement groups were therefore combined in subsequent models. In addition, no interaction was found between xanthophyll status and n-3 fatty acid group (P ϭ 0.66), and so this interaction was also excluded from the model, and effects of xanthophyll status were evaluated separately within each fatty acid group. In the final linear model, the areas of blue-light lesions were modeled by regressor variables corresponding to xanthophyll status (stock diet control, xanthophyll-free [before supplementation] or supplemented), n-3 fatty acid status (adequate or low), exposure location, and exposure energy. In addition to main effects, interactions of regressor variables were included in the model equation, with FIGURE 1. Color photograph of the ocular fundus showing lesions (white spots) induced by blue-light exposures. There were two series of increasing energy with five exposures in each series. One series formed an inner arc of spots in the fovea at the edge of the macular pigment peak, whereas the outer arc of spots were in the parafovea in an area where macular pigment was optically undetectable. Lesions in the inner arc were smaller and there was no lesion at the location where the lowest energy was delivered. This image is from a control monkey with typical macular pigment. the exception noted earlier. Thus, the slope of the relationship between exposure energy and lesion area was allowed to take different values for each combination of the factors: xanthophyll status, n-3 fatty acid status, and exposure location. Inspection of the residual plots indicated that the degree of homogeneity of variance was acceptable.
Because the range of exposure energies varied among groups, most notably for the control group, we repeated the analyses with a restricted exposure range of 0 to 0.05 J, the smallest range used for any group. The resulting slopes and P-values confirmed all the findings obtained with the full dataset, including differences between the fovea and parafovea and effects of xanthophyll supplementation; furthermore, the size of the differences (absolute difference in slopes) remained similar. Therefore, the data presented include all the data points collected.
Comparisons among Experimental Conditions and Exposure Locations
Scatterplots of the raw data are shown in Figure 2 , together with the regression lines fit by the GEE analysis. The slopes of the regression lines reflect the sensitivity to blue-light-induced damage for each condition. Numerical values for slopes of the lines and P-values for comparisons are summarized in Tables 2  and 3 . Several strong relationships emerged from the data, and the P-values for all differences considered to be significant were equal to or less (typically much less) than 0.0013. For control animals with normal macular pigment, the fovea was less sensitive to blue-light-induced damage than the parafovea (Fig. 2A) . However, the foveas of the xanthophyll-free monkeys lacking macular pigment did not have this relative advantage. Instead, the fovea and parafovea had similar vulnerability Tables 2 and 3. (A) Foveal and parafoveal lesion areas of control animals with typical laboratory diets and typical macular pigment densities. The fovea is less sensitive to blue-light exposure than the parafovea. (B) Foveal and parafoveal lesion areas of xanthophyll-free animals, with points for low-n-3 and adequate-n-3 animals plotted separately. Unlike the controls, the sensitivity of the fovea and parafovea were not significantly different within each fatty acid group. (C) Foveal lesion areas of xanthophyll-free animals before and after supplementation with lutein or zeaxanthin, compared with foveal lesions of control animals. Before supplementation, foveas of the xanthophyll-free animals were more sensitive to blue-light exposure than were the controls, but after supplementation they were not different from the controls. Regression lines for the other groups are repeated from (A) and (B), and therefore only data points for the supplemented animals are shown. Supplementation had no effect on the parafovea (data not shown). (D) Regression lines from (A) and (B) for parafoveal lesion areas of xanthophyll-free animals and controls plotted together for comparison. Again, the individual data points are shown in (A) and (B) and are not repeated here. Animals fed diets with adequate amounts of n-3 fatty acids were not different from the controls, but the parafoveal regions of animals fed low amounts of n-3 fatty acids were more sensitive to blue-light exposure than were the controls. as shown within each fatty acid group (Fig. 2B) . Note that the slopes of the regression lines for the foveas in the two fatty-acid groups were not significantly different, but the parafoveal slopes differed between the two groups as described later. L or Z supplementation of xanthophyll-free monkeys and the resulting accumulation of macular pigment decreased their foveal sensitivity to blue-light-induced damage (Fig. 2C) . After supplementation, the foveal sensitivity of the previously xanthophyll-free monkeys did not differ from that of the controls. Furthermore, as in the controls, the fovea was now less sensitive to damage than the parafovea (Table 2) , because the parafoveal location did not benefit from supplementation and the slope of its regression line did not change (Table 3) .
In contrast, the parafovea, but not the fovea, showed an effect of n-3 fatty acid status both before and after xanthophyll supplementation. Animals fed the low n-3 fatty acid diet were more sensitive to light-induced damage in the parafovea than the adequate n-3 fatty acid group, whereas xanthophyll-free animals with adequate n-3 fatty acid intake were not different from controls (Fig. 2D, Table 3 ). Note that the effect of n-3 fatty acid status, and the resulting P-values, were identical in the xanthophyll-free and supplemented conditions (Table  3 )-a necessary result of the statistical model, given the lack of interaction between xanthophyll and n-3 fatty acid status, as noted.
DISCUSSION
This study used a unique set of rhesus monkeys that were reared from conception on xanthophyll-free diets. In these animals no macular pigment was detected in vivo by reflectometry, 51 and the absence of xanthophylls in the serum and retina was confirmed biochemically. 53 The availability of these animals allowed us to test the effects of the absence of macular pigment on sensitivity to acute blue-light-induced damage. We also demonstrated the effects of subsequent introduction of xanthophylls by dietary supplementation with pure L or Z.
Rhesus monkeys fed a commercial stock diet containing xanthophylls and having typical MPOD levels (control animals) showed significant protection against short-wavelength photochemical damage in the fovea when compared with the parafovea. Reduced foveal damage was indicated by a shallower slope of the relationship between lesion sizes and exposure energy, so that a given energy exposure consistently produced smaller lesions in the fovea than in the parafovea (Fig. 2A) . The protective effect was evident even though the exposures were not located at the peak of the macular pigment profile, but adjacent to it. 51 The higher MPOD in the very center of the fovea would presumably have provided even greater photoprotection.
In contrast, monkeys with no lifetime intake of xanthophylls and no measurable macular pigment showed no difference between the fovea and parafovea in sensitivity to bluelight-induced damage (Fig. 2B) , a result that strongly supports the hypothesis that foveal photoprotection is due to the presence of macular pigment. This hypothesis was further confirmed by the results of L or Z supplementation, which enhanced foveal protection so that sensitivity to damage was no longer significantly different from the stock diet group (Fig.  2C ). Biochemical analysis of the central retinas of the supplemented animals confirmed that xanthophyll levels resembled those of the stock diet controls. 53 Lifelong n-3 fatty acid deficiency also affected the relationship between blue-light exposure and lesion size, but unlike xanthophyll deficiency, the effect was seen, not in the fovea but in the parafovea (Fig. 2D) , a locus of particular susceptibility to age-related rod loss. 58 This protective effect of n-3 fatty acids must be qualified as occurring on a background of Table 2 . Statistical significance is indicated in bold.
life-long absence of xanthophylls, since our experiment did not include a group deficient in n-3 fatty acids while having longterm normal xanthophyll levels. However, the effect was seen in both the xanthophyll-free and supplemented conditions. Unlike L and Z, DHA is a major structural component of outer segment membranes throughout the retina and appears to comprise a slightly higher proportion of total fatty acids in the peripheral retina than in the macula. 59 At first glance, our results appear inconsistent with those in previous studies of acute light-induced damage in n-3 fatty acid-deficient rodents, which showed an opposite, protective effect of low DHA concentrations that was ascribed to the high vulnerability of DHA to oxidative damage. 43, 44 However, these studies involved different light damage mechanisms, as they used diffuse light exposures at middle wavelengths designed to maximally activate rhodopsin. 60 Other evidence of potentially negative effects of n-3 fatty acids comes from studies showing that oxidative products of DHA form protein adducts that are elevated in AMD patients' plasma and RPE. 61 On the other hand, several recent studies provide rationales for antioxidative, antiinflammatory, and neuroprotective actions of DHA and its metabolites within the retina. For example, DHA is the precursor of neuroprotectin D1, a lipid mediator that promotes RPE cell survival by multiple mechanisms under conditions of oxidative stress (e.g., Ref. 62) and it also is the precursor of related anti-inflammatory compounds termed resolvins. 63 Furthermore, in cultures of retinal neurons and RPE cells, DHA or its derivatives block oxidative damage-induced apoptosis. 64, 65 These considerations suggest that DHA probably has both positive and negative influences on neuronal sensitivity to light damage and that the final outcome depends on the balance among them, which could be dependent on the animal species and the type of light exposure.
Most studies of retinal light-induced damage have measured the damage threshold. This method was not feasible in our study, because reliable threshold estimates require multiple exposures at each of several power levels, which could not be administered in a narrow annulus at 0.5 mm eccentricityparticularly given the need to compare the retinal response to exposures before and after supplementation in the same animals. We found that the linear function relating lesion size to radiant exposure provided a more robust measure that used all the exposure data. It is unlikely that the increase in lesion size was due to movement of the beam, because exposures were closely monitored for stability and were rejected a priori if any motion was detected. Furthermore, lesions were almost entirely circular, whereas motion would have caused irregular lesion shapes. In any case, if there were inflation of lesion size due to motion, it would not bias the group comparisons because all dietary groups would have been equally affected, particularly since the exposures were performed by an investigator masked to diet. The mechanisms causing larger lesions with higher exposure energies cannot be determined from our experiments. It is likely that the reactive species produced by the blue light diffused farther beyond the borders of the exposed area when larger amounts were generated by higher energies. Whatever the mechanism, the result was that a minimally suprathreshold lesion approximated the size of the delivery beam, while higher energy exposures produced progressively larger lesion areas.
The foveal photoprotection provided by macular pigment could occur both by absorption of blue light and by photochemical mechanisms such as quenching of reactive species. However, our in vivo macular pigment densitometry data, 51 as well as two-wavelength densitometry of excised retinas (Snodderly DM. IOVS 2008;49:ARVO E-Abstract 4966), show that in rhesus monkeys MPOD declines to asymptotically low levels at the 0.5-mm eccentricity foveal exposure site used in this study.
The low levels of absorption indicated by these data suggest that photochemical mechanisms contribute more strongly than blue light filtering to the protection we have documented. This suggestion is consistent with our biochemical measurements of retinal L and Z concentrations in a 4-mm diameter punch centered on the foveas of these same retinas. 53 We found 12.6 to 37.7 picomoles of total xanthophylls per foveal punch for these animals. As a rough estimate, we calculated (according to the method of Handelman et al. 66 ) an upper limit of the optical density that would result from these amounts of pigment, if the pigment were uniformly distributed over the area of the punch, to be approximately 0.03 at the laser wavelength. Since the pigment is fairly uniform in density beyond 0.5 mm eccentricity, but is higher in the central peak, this measurement should be an overestimate of the density at 0.5 mm eccentricity and beyond, which implies relatively weak absorption of the damaging light at all but the most central retinal loci.
In this study, we have shown that L or Z, when provided in the diet and deposited as macular pigment, provided foveal protection from acute blue-light photochemical damage, whereas low n-3 fatty acid status increased sensitivity to damage in the parafovea. If chronic light exposure contributes similarly to RPE damage, as has been suggested, 2,67 the same mechanisms may contribute to risk for AMD. 9,16,30,68 -70 While the decades-long chronic nature of such a process makes proof difficult, evidence is accumulating that the RPE is intrinsically vulnerable to blue-light-induced damage and that the damage can be minimized by key nutrients. For example, one important factor in the photooxidation process is A2E, the major fluorophore of RPE lipofuscin. When exposed to blue light, A2E generates singlet oxygen and oxidized byproducts, which damage DNA and cause apoptotic cell death of RPE cells. 4 In vitro experiments by Kim et al. 71 showed that L or Z substantially inhibited the blue-light-induced photooxidation of A2E and A2-PE (the immediate precursor of A2E); furthermore, L and Z efficiently quenched damaging singlet oxygen generated by these fluorophores without being consumed in the reaction. DHA-derived neuroprotectin D1 also blocked apoptosis triggered by A2E. 65 Our study showed that the macular xanthophylls L and Z protect the fovea against acute blue-light-induced damage, and that n-3 fatty acids lessen damage in the parafovea. It therefore seems probable that these nutrients would also protect the macula against chronic blue-light-induced damage. Thus, our results offer hope that good nutrition, augmented by supplementation when appropriate, can contribute to reduction of risk for AMD, especially for persons with reduced macular xanthophyll levels due to retinal disease, poor diet, or genetic predisposition.
